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pothesis of much more complex and dynamic climatic and floristic changes in the northern latitudes during the Tertiary (Wolfe, 1978 (Wolfe, , 1985 Tiffney, 1985a, b) . Many details of Northern hemisphere paleofloristics remain unclear, but it is known that deciduous woody taxa first appear in northern latitudes as part of a mostly broadleaved evergreen, tropical forest in the late Eocene (Wolfe, 1969 (Wolfe, , 1972 , and that cooling climates during the Oligocene and Miocene saw a diversification and expansion of broad-leaved, deciduous taxa throughout the northern latitudes of Eurasia and North America (Wolfe, 1978 (Wolfe, , 1985 . Migrations between Eurasia and North America were facilitated by the presence of the Bering land bridge that connected eastern Asia with western North America throughout the mid-Tertiary and by a North Atlantic land bridge during the late Eocene (Hamilton, 1983; Hsü, 1983; McKenna, 1983; Tiffney, 1985b) . These deciduous taxa, along with a smaller number of broad-leaved evergreens that were able to adapt to the cooler climate of the Neogene, formed the antecedents of the taxa currently comprising the disjunct, mixed mesophytic forests of eastern Asia and eastern North America. Continued climatic cooling in the Pliocene (2-5 million years before present [mybp] ) produced a contraction of the mixed mesophytic forest and greatly reduced the possibility of migration between Eurasian and North American populations (Wolfe, 1978 (Wolfe, , 1985 Tiffney, 1985b) . Further climatic changes during the Quaternary, culminating in repeated Pleistocene glaciations, effectively eliminated the mixed mesophytic forests of northern Europe, central Asia, and western North America, leaving eastern North America, eastern Asia, and to a much lesser extent, the Balkans and Caucasus, as the main refugia of many genera (Graham, 1972; Tiffney, 1985b) .
[Vol. 85 AMERICAN JOURNAL OF BOTANY As emphasized by several authors, the diversity of taxa involved in these Asian-North American disjunctions, the spatial and temporal fluidity of plant communities, and the dynamic nature of climatic changes throughout the Oligocene and Miocene, combine to suggest that current distribution patterns may have several origins that involve both vicariance and long-distance dispersal (Wolfe, 1981; Tiffney, 1985a; Qiu, Parks, and Chase, 1995; Wen, Jansen, and Kilgore, 1996) . During the past decade, two novel approaches have been taken to distinguish between the competing biogeographic hypotheses of vicariance and dispersal. First, because a vicariance hypothesis predicts concordance between the age of a species pair and the age of the barriers between them, whereas a dispersal hypothesis predicts a younger age for such species pairs relative to the barrier (Platnick and Nelson, 1978; Humphries and Parenti, 1986) , several studies have attempted to use levels of genetic differentiation between well-established disjunct species pairs to estimate time since divergence of the two lineages (Liston, Rieseberg, and Elias, 1989; Parks and Wendel, 1990; Crawford, Lee, and Stuessy, 1992; Wen and Jansen, 1995; Lee et al., 1996) . Second, a growing number of studies have combined phylogenetic analysis with genetic divergence or fossil data to piece together the biogeographic histories of entire genera or sections of genera (Hoey and Parks, 1991; Wen and Stuessy, 1993; Qiu, Chase, and Parks, 1995; Qiu, Parks, and Chase, 1995; Wen and Zimmer, 1996; Wen, Jansen, and Kilgore, 1996; Wen, Jansen, and Zimmer, 1996; Sang, Crawford, and Stuessy, 1997) .
Biogeographic interpretations appear to be especially complicated when disjunctions involve more than two species or when more than a single vicariad species pair has been hypothesized within a given genus (Wolfe, 1981; Qiu, Chase, and Parks, 1995; Wen, Jansen, and Zimmer, 1996) . An example of such a case is described herein for the genus Gleditsia (Leguminosae: Caesalpinioideae). Previous taxonomic work suggests the presence of two eastern Asian-eastern North American vicariad species pairs in Gleditsia, in addition to other intraand intercontinental disjunctions (Gordon, 1966) . To test these biogeographic hypotheses, we have used cladistic analysis of DNA sequence data from two chloroplast genes. The results support only a single Asian-North American disjunction within the genus, no Asian-American species pairs, and an unusual Asian-South American disjunction.
MATERIALS AND METHODS
The genus Gleditsia-Throughout this study, we follow the taxonomy of Gordon (1966) , who determined that Gleditsia comprises 13 species: eight species inhabiting various regions of eastern Asia (G. australis, G. delavayi, G. fera, G. japonica, G. macracantha, G. microphylla, G. rolfei, and G. sinensis) , one narrowly distributed species found in southern Azerbaijan and northern Iran (G. caspica), one species from the northern area of northeastern India (G. assamica), two species occurring in the eastern United States (G. aquatica, G. triacanthos) , and a final species growing in south-central South America (G. amorphoides). Gleditsia japonica is recognized as a complex taxon with up to four subspecies, two of which have been created by reducing G. delavayi and G. caspica to subspecific status (Li, 1982; Paclt, 1982a Paclt, , 1984 .
Other studies since Gordon (1966) have recognized two narrowly endemic species, G. pachycarpa in Vietnam (Larsen, Larsen, and Vidal, 1980) and G. medogensis (Ni, 1987) in Tibet. We consider G. medogensis to be particularly suspicious, because there is only a single description of it in the literature (Ni, 1987) , it is not mentioned in Flora Reipublicae Popularis Sinicae (Li, 1988) , and it was not mentioned in any of our personal communications with Chinese legume taxonomists.
Gleditsia pachycarpa similarly appears to be a dubiously independent evolutionary unit, in that Larsen, Larsen, and Vidal (1980) recognized the species based on examination of two specimens, both of which lacked flowers. Gordon (1966) considered G. pachycarpa to be conspecific with G. fera. All but one of the Gleditsia species are thorny, deciduous trees (the Chinese G. microphylla is a thorny shrub up to 3 m in height) with a breeding system that is characterized by polygamodioecy and insect pollination. Chromosome counts are available for seven of the species, all of which indicate that Gleditsia species are diploids with a base chromosome number of x ϭ 14 (Atchison, 1949; Goldblatt, 1981) . Several authors have noted a high degree of morphological similarity among Gleditsia species (Gordon, 1966; Isely, 1975; Tucker, 1991) . Data on crossing ability between species is limited to evidence of successful crosses between G. triacanthos and four other species: G. aquatica (Gordon, 1966) , G. amorphoides (Gordon, 1966) , G. japonica (Santamour, 1976), and G. caspica (A. Schnabel and K. V. Krutovskii, unpublished data) .
Despite the fact that no cladistic analysis of Gleditsia has been published, the discussion of Gordon (1966) provides a ''scenario'' that leads to several specific phylogenetic hypotheses. Of particular importance to the question of intercontinental disjunctions are two putative clades involving eastern Asian and eastern North American species. First, Gordon (1966) proposed that G. microphylla (China) and G. aquatica (eastern United States) are closest relatives, because the fruits of these species lack the sweet pulp found in the fruits of all other Gleditsia species and because they have many fewer ovules per carpel (1-4 vs. Ͼ10 for all other species). Second, Gordon (1966) viewed G. japonica, G. delavayi, and G. caspica as close relatives with affinities to the second eastern North American species, G. triacanthos, a hypothesis that was later reiterated by Isely (1975) . Gleditsia triacanthos (honeylocust) is the best known and most widely studied species in the genus. It grows naturally throughout the eastern United States and has been promoted and used as a fodder tree, a wind-row tree, and an ornamental and shade tree in the United States and other countries, such as Australia, Azerbaijan, New Zealand, Russia, and Ukraine (Gold and Hanover, 1993; Csurhes and Kriticos, 1994; A. Schnabel, personal 
observations).
Taxon sampling-We included 11 of the 13 Gleditsia species described by Gordon (1966) . For those 11 species, we obtained accessions from a variety of sources, and we included multiple accessions whenever possible. For example, to begin to understand the evolutionary history of G. japonica, we sampled accessions of this species from China, Korea, and Japan (Table 1) . To minimize the possibility of species misidentification, we used accessions collected by us or for us directly from natural populations, or we tried to use only those samples from botanical gardens and arboreta that had voucher information clearly indicating that the specimen was collected from the wild. Nonetheless, although we obtained two putative G. macracantha accessions from two botanical gardens, our DNA sequencing suggested that both of them were probably G. triacanthos. Several authors suggest that G. macracantha may not be distinct from G. sinensis or at least should be very similar to G. sinensis (Gordon, 1966; Isely, 1975; Paclt, 1982b; Li, 1988) . Because our sequences showed clear differences between G. triacanthos and G. sinensis but no differences between G. triacanthos and putative G. macracantha, we concluded that the two G. macracantha accessions had been misidentified, and we excluded them from further analysis. In addition, we were unable to obtain tissue samples of the narrowly distributed species, G. assamica, from northeastern India. Published reports indicate that G. assamica may be extinct or highly (Sanjappa, 1990) , and it apparently has neither been collected for many years nor been preserved in local arboreta (U. C. Bhattacharayya, personal communication). Seed accessions were germinated and grown in the Iowa State University greenhouse, and voucher specimens are deposited in the Ada Hayden Herbarium (ISC) at Iowa State University. The clear outgroup for this study was Gymnocladus, which has long been considered to be sister to Gleditsia, the two genera forming a recognizable ''Gleditsia group'' within Tribe Caesalpineae (Gordon, 1966; Polhill and Vidal, 1981; Polhill, 1994; Doyle et al., 1997) . Gymnocladus itself has an eastern North American-eastern Asian distribution, and in the phylogenetic analyses, we included one accession each of the North American species, Gymnocladus dioica (L.) Koch, and an Asian species, Gymnocladus chinensis Baill.
PCR amplification and DNA sequencing-We extracted total cellular DNA from fresh, frozen, or silica-gel desiccated leaves using methods detailed in Paterson, Brubaker, and Wendel (1993) . The polymerase chain reaction (PCR) was employed to amplify large portions of the ndhF and rpl16 chloroplast genes for DNA sequencing. The amplification primers and internal sequencing primers for ndhF are described in Olmstead and Sweere (1994) . Because of low-yield amplifications using their 5ЈF primer, we designed an additional primer that begins 16 base pairs (bp) downstream from the 5Ј end of the gene (5Ј-GAATATGCATGGATCATACC-3Ј). We initially amplified the gene in two overlapping segments using primer pairs 16F-1318R and 803F-2110R. These double-stranded amplifications were performed in a 50-L volume containing 10 mmol/L Tris-HCl pH 9.0, 50 mmol/L KCl, 0.1% Triton X-100, 1.5 mmol/L MgCl 2 , 0.25 mmol/L of each dNTP, and 0.2 mol/L of each primer. Aliquots (5 L) of the double-stranded PCR products were used directly as templates in asymmetric amplifications to generate single-stranded ndhF DNA for sequencing (Kaltenboeck et al., 1992) . Reaction components for the asymmetric amplifications were identical to those for symmetric amplifications, except that we used only one of the two primers and we doubled the total volume of each reaction mixture. For the symmetric amplifications, the PCR cycling parameters were 1.5 min at 94ЊC for denaturation, 2 min at 42ЊC for primer annealing, and 3 min at 72ЊC for extension. A final extension period of 10 min at 72ЊC was added after the completion of 30 cycles. The asymmetric amplification conditions were nearly identical, except that the annealing temperature was raised to 48ЊC, and the number of cycles was decreased to 20.
The rpl16 gene contains two exons separated by an intron that varies in length from ϳ1000 bp to 1500 bp in the species studied to date (Posno, van Vliet, and Groot, 1986; Tanaka et al., 1986; Jordan, Courtney, and Neigel, 1996; Kelchner and Wendel, 1996) . From this gene, we amplified nearly the entire intron and a large portion of the 3Ј exon using the F71 and R1661 primers of Jordan, Courtney, and Neigel (1996) . The F71 primer begins 3 bp upstream of the short, three-codon exon at the 5Ј end of the gene, and the R1661 primer begins at base 167 of the 3Ј exon. Reaction components for these amplifications were generally the same as for the ndhF amplifications, except that we used 0.4 mol/L of each primer in both symmetric and asymmetric amplifications. Cycling parameters, designed to avoid problems of mismatching and premature denaturation in the highly AT-rich intron, were 1 min at 95ЊC for denaturation, 1 min at 50ЊC for primer annealing, a slow increase in temperature (8 s/ЊC) to 65ЊC, and 4 min at 65ЊC for extension. A 5-min denaturation period at 95ЊC was included prior to the first cycle, and a final 10-min extension period at 65ЊC was added after the final cycle. Symmetric and asymmetric amplifications were run for 35 and 25 cycles, respectively.
Single-stranded DNAs were purified using Microcon 100 ultrafilters (Amicon, Beverly, Massachusetts) prior to sequencing. We sequenced both ndhF and rpl16 using standard methods of dideoxy sequencing [Vol. 85 AMERICAN JOURNAL OF BOTANY with Sequenase 2.0 (United States Biochemical, Cleveland, Ohio) and ␣-35S]dATP, electrophoresis in Long Ranger (AT Biochem, Malvern, Pennsylvania) sequencing gels, and autoradiography. All internal sequencing primers for ndhF are specified in Olmstead and Sweere (1994) . Initial sequencing of rpl16 was accomplished using the PCR primers and a single internal primer (F435; Jordan, Courtney, and Neigel, 1996) . We subsequently designed four internal primers; coding strand (forward) primers are F220 (5Ј-CTGATTATGAGTTGTGAAGC-3Ј), F590 (5Ј-GCGGAAGGAACCAAGAAC-3Ј), and F1034 (5Ј-TCCAATAGACCAATAGAT-3Ј), whereas R270 (5Ј-TCACCCTTT-CATTTATCC-3Ј) is a complementary strand (reverse) primer. The resulting 17 unique ndhF sequences have been deposited in GenBank under the accession numbers GBANAF020469-GBANAF020485, and 19 unique rpl16 sequences have been deposited under the accession numbers GBANAF040726-GBANAF040744.
Phylogenetic analyses-We conducted phylogenetic analyses on matrices of aligned DNA sequences for each gene separately and then combined the two data sets for a final analysis. Alignment of the ndhF sequences was trivial, as only two insertion/deletion events (indels) needed to be postulated, each of which involved a single AAA codon. For the rpl16 data, an initial alignment produced by CLUSTALW version 1.6 (Thompson, Higgins, and Gibson, 1994) was adjusted manually to produce a final alignment that postulated 19 indels, the lengths of which ranged from one to 32 nucleotides. All maximum parsimony analyses were performed using PAUP version 3.1.1 (Swofford, 1993) . For the analyses of individual ndhF and rpl16 data sets, we performed heuristic searches, with 1000 random stepwise additions, tree bisectionreconnection branch swapping, and the MULPARS and furthest addition sequence options on. The analysis of the combined data involved fewer accessions, so we were able to search for the shortest trees using the branch-and-bound algorithm. In all analyses, nucleotide transformations within characters were equally weighted, and postulated indels were either treated as missing data or were additionally reintroduced into the data set as presence-absence characters. For the results based on combined data, the strength of individual clades was evaluated using decay analysis (Bremer, 1988; Donoghue et al., 1992) , in which we constructed strict consensus trees for all topologies that were up to five steps longer than the most parsimonious trees. For comparisons of divergence levels, we used the program MEGA (Kumar, Tamura, and Nei, 1993) to calculate Kimura two-parameter distances (Kimura, 1980) between all pairs of combined ndhF-rpl16 sequences. In the calculation of distances, nucleotide positions that involved gaps and missing data in one or more accessions were removed only in pairwise comparisons.
RESULTS
Variability at ndhF-We obtained nearly complete ndhF nucleotide sequences for two accessions of Gymnocladus, G. dioica and G. chinensis, and 25 accessions of Gleditsia, representing 11 of the 13 species recognized by Gordon (1966) . Five of the Gleditsia accessions that we received either as seeds or silica-gel dried leaves turned out to have ndhF and rpl16 gene sequences that were identical to accessions of other species. Based on those data, we decided that those five accessions had been incorrectly identified, and we excluded them from all further analyses. In particular, as discussed above, both of our G. macracantha accessions had sequences identical to G. triacanthos, so G. macracantha is not represented in our study.
The portion of ndhF sequenced in Gleditsia and Gymnocladus represents 2095-2101 nucleotides of the gene, beginning at a position equivalent to nucleotide 36 of the tobacco ndhF gene. Length differences result from an apparent insertion or deletion of one or two phenylalanine codons (AAA) within a region of the gene (beginning at nucleotide position 1454 of the Gleditsia sequence) that has a continuous string of ten adenine nucleotides in Gymnocladus dioica, 17 adenines in Gymnocladus chinensis, and 14 or 15 adenines in all Gleditsia species.
In Gleditsia and Gymnocladus, the ndhF gene has an average GC content of 31%. Excluding indels, 84 of the 2095 nucleotide sites (4.2%) were variable within the entire data set, but the Gleditsia sequences varied at only 44 sites (2.1%), and only 18 (0.9%) of those were potentially phylogenetically informative. The frequency of variable sites was not random along the length of the gene, but tended to be higher in the latter third of the sequences (41 of 84 variable sites). We also found an increased proportion of nonsynonymous substitutions in the 3Ј half of the sequences, where 29% of 34 substitutions were nonsynonymous in the first 1050 nucleotides and 62% of the 50 substitutions were nonsynonymous in the second 1050 nucleotides.
Multiple accessions were sequenced for G. aquatica and G. triacanthos (3) . From these sequences, we observed two cases of intraspecific variation. The two G. australis accessions differed by a single nucleotide substitution, and, although the sequences of the Korean and Japanese accessions of G. japonica were identical to one another, they differed from the Chinese G. japonica accessions by three substitutions. Most importantly from a phylogenetic perspective, all accessions of the North American species, G. triacanthos and G. aquatica, were identical to one another.
Overall, the Gleditsia accessions showed low levels of ndhF sequence divergence, as estimated by Kimura twoparameter distances with pairwise deletion. Excluding G. microphylla, which showed sequence divergence of 0.6-1.0% from all other members of the genus, the Asian Gleditsia species all differed from one another by 0.5% or less. Similarly, estimates of sequence differences between Asian and North American accessions varied from 0.3 to 0.5%. On the other hand, Asian and North American species of Gymnocladus, with a sequence divergence estimate of 1.5%, were considerably more differentiated from one another than were any Asian/North American pair of Gleditsia.
Phylogenetic analyses of ndhF-The heuristic search identified two most parsimonious trees, each with a length of 95, a consistency index of 0.86, excluding uninformative characters, and a retention index of 0.92. In both trees, Gleditsia and Gymnocladus are well differentiated, and Gleditsia has three major clades, each of which is supported by a single synapomorphy (Fig. 1) . The largest clade posits that the North American species, G. triacanthos and G. aquatica, are sister to the species of the Asian G. japonica group (G. japonica, G. caspica, and G. delavayi) . The second clade pairs the South American species, G. amorphoides, with a clade containing two Asian species, G. sinensis and G. rolfei. The only difference between the two shortest trees was in the relationships among species of the third major clade. In one arrangement, identical to the strict consensus (Fig. 1) , the southeast Asian species, G. australis and G. fera, form a trichotomy with the northern Chinese species, G. microphylla, whereas in the second possible arrangement, G. australis and G. microphylla appear as a sister clade to G. fera.
Variability in rpl16-For the analysis of rpl16 sequences, we used the same 22 accessions analyzed for ndhF and added one new accession each of G. aquatica, G. japonica, and G. caspica. The aligned sequences of these 25 accessions represented all but the first 13 bp of the rpl16 intron (which overlap with the primer used for PCR amplification) and 125 of the 399 nucleotides in the 3Ј exon. Alignment required the hypothesis of 19 insertion/deletion events ranging from 1 to 32 bp in length. Fourteen of those gaps involve exact or nearly exact duplications of immediately adjacent or nearby sequences, whereas five of the hypothesized gaps are most likely short deletions. The aligned length of the rpl16 intron alone is 1245 nucleotides, with actual lengths varying from 1078 nucleotides in the Gymnocladus dioica accession to 1167 nucleotides in one of the Gleditsia triacanthos accessions.
Like the ndhF gene, the rpl16 gene (exons ϩ intron) has a GC content of ϳ31% in Gleditsia and Gymnocladus. Excluding the 19 potential indels, 5.9% (64/1078) of the nucleotide positions were variable within the data set as a whole. All but two of those variable sites were found within the intron region. For Gleditsia alone, 2.9% (31/1078) of the sites were polymorphic, and 2.0% (22/ 1078) were potentially phylogenetically informative, one of which was within the 3Ј exon region. The rpl16 intron thus provided slightly more nucleotide substitution data than the ndhF gene.
As with the ndhF sequences, levels of intraspecific polymorphism in rpl16 were low, but the pattern of variation differed from ndhF in two respects. First, no sequence polymorphism was found within G. japonica, despite the addition of a fifth accession. Second, sequence variation was found within both G. triacanthos and G. aquatica. Two of the G. triacanthos sequences (from Illinois and Georgia) differed at a single nucleotide position from the Iowa accession, whereas one of the G. aquatica accessions from South Carolina differed by two substitutions from the other South Carolina accession and from the Illinois and Arkansas accessions. A complex pattern of variation in putative indels was also seen within each of the North American species (Fig. 2) .
Levels of sequence divergence between species were slightly higher for rpl16 than for ndhF. The Kimura twoparameter estimate for the two Gymnocladus accessions was 2.1%, whereas average sequence divergence between the two genera was 2.6% (range of 2.1-3.1%). The two North American Gleditsia species exhibited divergence of only 0.1%, and average divergence among the Asian species (0.7%) was approximately equal to divergence between American and Asian species (0.8%). The greatest level of divergence within Gleditsia involved the South American species, G. amorphoides, which differed by 0.8-1.5% from all species except G. rolfei and G. sinensis, to which its rpl16 sequence is very similar (0.5% divergence).
Phylogenetic analyses of rpl16 sequences-We performed two heuristic searches for the most parsimonious relationships among the 25 rpl16 sequences. In both analyses, hypothesized indels were treated as missing data, but in one of the analyses, all 19 indels, regardless of length, were reintroduced into the data set as presence/absence characters. The first analysis recovered six most-parsimonious trees, each with a length of 72, consistency index of 0.87, excluding uninformative characters, and retention index of 0.95. The second analysis, using phylogenetic information available in gapped positions, resulted in 96 shortest trees, each with a length of 94, a consistency index of 0.83, excluding uninformative characters, and a retention index of 0.94. The increase in number of shortest trees in the second analysis was due entirely to an increase in the number of most parsimonious relationships among the G. triacanthos and G. aquatica sequences. In the first analysis, the same relationship among the seven North American accessions was found in all six shortest trees, whereas the second analysis uncovered 16 most parsimonious explanations of the substitution and indel data for the North American accessions. In none of the trees from either analysis do G. triacanthos and G. aquatica accessions form separate clades.
Other than the G. triacanthos and G. aquatica se- quences, the main sources of ambiguity in the rpl16 data are the sequences of the three Asian species, G. australis, G. microphylla, and G. fera, which show the same four possible arrangements in both analyses. In one of these topologies (Fig. 3a) , which is nearly identical to that obtained using the ndhF sequences (Fig. 1) , the three species form a separate clade that is part of a larger trichotomy. In the other three topologies (Fig. 3b-d) , and in strong contrast to the ndhF trees, either two or three of these Asian species appear as sister to the G. japonica/ G. triacanthos/G. aquatica clade. The strict consensus trees from the two analyses were identical except for the relationships between the North American accessions, and we therefore present only the consensus from the analysis with gaps included as data (Fig. 4) .
Despite the lack of resolution with respect to some relationships, all rpl16 trees show several similarities to the topologies found in analyses of the ndhF sequences (cf. Figs. 1 and 4) . First, Gymnocladus and Gleditsia can be rooted so as to appear as separate, well-differentiated clades. Second, the G. japonica group of species forms a major clade with the two North American species, G. triacanthos and G. aquatica. Third, G. triacanthos and G. aquatica show a very close relationship, although in the case of rpl16, there are both substitution and indel differences within and between the species, and one of the indel differences is species specific (Fig. 2) . Fourth, G. amorphoides, from Argentina, forms a well-supported clade with the two Asian species, G. sinensis and G. rolfei.
Combined analysis of ndhF and rpl16 sequences-
Given the many similarities between the ndhF and rpl16 trees, and the fact that the two chloroplast genes are part of the same historically nonrecombinant molecule, we felt justified in combining data sets and performing a joint analysis. For this analysis, we used only those accessions for which we had both ndhF and rpl16 sequences, and we merged all identical sequences of the same species. Moreover, because no new insights into the relationships between G. triacanthos and G. aquatica could be gained by joint analysis of the two genes (all G. triacanthos and G. aquatica sequences were identical at ndhF, and all phylogenetic information was found solely in the rpl16 data), we eliminated all but one each of the G. triacanthos and G. aquatica sequences. The final combined data set, therefore, contained 15 Gleditsia and two Gymnocladus sequences, which were analyzed using a branch-and-bound algorithm, with gaps treated as presence-absence characters. That analysis uncovered four most parsimonious trees, each of which has a length of 184, a consistency index of 0.86, excluding uninformative characters, and a retention index of 0.92. The four trees differ only in the placement of the G. australis/G. microphylla/G. fera clade and in the relationships among those three species. In three of the topologies, the G. australis/G. microphylla/G. fera clade is placed sister to the G. triacanthos/G. aquatica/G. japonica clade, but that grouping is supported by only one synapomorphy. Those three trees vary only in the hypothesized relationships among G. australis/G. microphylla/G. fera, in that G. microphylla is placed sister to either G. australis or G. fera, or the three species form an unresolved trichotomy. The fourth most parsimonious topology shows the three major clades within the genus in an unresolved trichotomy, which is the same arrangement shown in the strict consensus of all four trees (Fig. 5) . SCHNABEL AND WENDEL-BIOGEOGRAPHY OF GLEDITSIA Fig. 3 . Cladograms showing four equally parsimonious arrangements of Gleditsia australis, G. fera, and G. microphylla resulting from cladistic analysis of rpl16 gene sequence data. For the sake of clarity, Gleditsia delavayi and G. caspica were not included in this analysis, and only one accession was used from each of the remaining nine species. Numbers of supporting characters are given above branches.
DISCUSSION
Our ndhF and rpl16 chloroplast sequence data both support and conflict with previous phylogenetic hypotheses of intra-and intercontinental disjunctions in Gleditsia, and they also raise new hypotheses not previously considered. In particular, the cladistic analyses provide insights into (1) the origin of the genus as a whole; (2) biogeographic origins of the single South American species, G. amorphoides; and (3) intracontinental biogeography of the G. japonica group. Most importantly from the standpoint of eastern Asian-eastern North American disjunctions, our results suggest only a single AsianNorth American disjunction and no intercontinental sister-species relationships, thereby conflicting with Gordon (1966) , whose morphological comparisons suggested the presence of two Asian-North American species pairs within the genus.
Timing of biogeographic events-As a supplement to considerations of the tree topologies, we can use estimates of molecular divergence and a molecular clock hypothesis to place some bounds on the timing of important evolutionary and biogeographic events in Gleditsia and Gymnocladus. As emphasized by several authors (e.g., Li, 1993; Hillis, Mable, and Moritz, 1996) , the variance associated with estimates of divergence times based on molecular data can be very large for a number of reasons, such as a lack of proper calibration of nucleotide substitution rates, taxon-and gene-specific substitution rates, and heterogeneity of substitution rates among lineages within a taxon. For example, nearly 15-fold variation in divergence levels based on cpDNA restriction sites and fourfold variation in genetic identities based on allozyme data have been reported for eastern Asian-eastern North American disjunct taxa (Qiu, Parks, and Chase, 1995; Lee et al., 1996; Wen, Jansen, and Zimmer, 1996) , and it is not clear how much of this rate heterogeneity is due to factors other than the timing of divergence between the disjuncts.
Time since divergence is calculated by dividing the Kimura distances by twice the rate of nucleotide substitution. Because the rates of substitution have not been calibrated for either ndhF or rpl16, however, it is unclear what rates are appropriate for estimating divergence times in this case. Olmstead and Sweere (1994) hypothesized that ndhF evolves at about twice the rate of rbcL, which has an estimated average substitution rate of 2 ϫ 10 Ϫ10 substitutions per site per year (Albert et al., 1994) , so we have chosen to use a rate of 4 ϫ 10 Ϫ10 substitutions per site per year for calculations based on that gene. The rpl16 intron is more problematic, because little is known about its evolution. Based on estimates presented in Palmer (1991) , the average rate of substitutions across a large number of chloroplast genes is ϳ5 ϫ 10 Ϫ10 substitutions per site per year. Because this average includes both synonymous and nonsynonymous substitutions, it probably underestimates substitution rates for strictly noncoding regions, like the rpl16 intron. This hypothesis is supported by estimates of percentage divergence between Gleditsia taxa, which are 30-100% higher for the rpl16 intron than for ndhF. Eyre-Walker and report a synonymous substitution rate at rbcL for grasses of 12 ϫ 10 Ϫ10 substitutions per site per year, whereas palms have a much lower substitution rate of ϳ3.5 ϫ 10 Ϫ10 substitutions per site per year. An average of these two rates is ϳ8 ϫ 10 Ϫ10 subtitutions per site per year, but we might expect synonymous substitution rates in longlived, woody genera, like Gleditsia and Gymnocladus, to be slightly less than that, because species with long generation times often have lower substitution rates than species with shorter generation times (Gaut et al., 1992; Li, 1993; Qiu, Parks, and Chase, 1995; Li et al., 1996; Gaut et al., 1997) . We therefore chose to use a rate of 6 ϫ 10 Ϫ10 substitutions per site per year in all calculations of divergence times based on rpl16 sequences.
Given the many caveats listed above, we can proceed with caution in calculating divergence times for some of the major bifurcations shown in Fig. 4 , beginning with the divergence of Gleditsia and Gymnocladus. Based largely on floral morphology and ontogeny, these genera were for many years considered to be possible examples of the most primitive genera within the Leguminosae (Gordon, 1966; Polhill, Raven, and Stirton, 1981; Tucker, 1991) . Recent morphological and molecular phylogenetic analyses, however, negate that hypothesis, indicating instead that these genera were not involved in the earliest dichotomies within the Leguminosae (summarized in Doyle et al., 1997) . In agreement with this conclusion are reevaluations of legume fossils, which demonstrate that although most major lineages within the family were present by the Eocene (35-56 mybp), the oldest reliable fossil Gymnocladus and Gleditsia are from Oligocene sediments in North America (23-35 mybp; Herendeen, Crepet, and Dilcher, 1992) . The 1.7 and 2.6% sequence divergences between Gleditsia and Gymnocladus for ndhF and rpl16, respectively, suggest that the two genera diverged 21-22 mybp, in reasonably close agreement with the fossil data.
If Gleditsia and Gymnocladus diverged from a common ancestor between 23 and 35 mybp, there would have been ample opportunity for the genera to become distributed in both North America and Asia, because a land bridge across the Bering Sea was in continuous existence SCHNABEL AND WENDEL-BIOGEOGRAPHY OF GLEDITSIA from the middle Eocene through the late Miocene (Tiffney, 1985a) . Up until the very latest part of the Miocene, climates in Alaska were apparently warm enough to support broad-leaved, deciduous taxa (Wolfe, 1972 (Wolfe, , 1978 Tiffney, 1985a) , and underlying temperature fluctuations may have produced three especially favorable periods for dispersal (Wolfe, 1978) . Thus, Asian-North American distributions within Gleditsia and Gymnocladus could have been attained at very different times. This possibility is suggested by the sequence data from both ndhF and rpl16, which show that sequence differences between Gymnocladus dioica and G. chinensis (1.5% for ndhF and 2.1% for rpl16) are 2-5 times as great as differences between Asian and North American Gleditsia (0.3-0.8% for ndhF and 0.4-1.2% for rpl16). These distance estimates for Gymnocladus translate into a minimum range of divergence times of 17.5-18.8 mybp, or only shortly after the initial split between the two genera. On the other hand, estimates of divergence times for even the most genetically distant Asian and North American Gleditsia species (G. triacanthos vs. G. microphylla) are only 10.2 mybp based on ndhF data and 9.7 mybp based on rpl16 data and are much less for G. japonica and G. triacanthos/G. aquatica (4.7 and 3.9 mybp, based on ndhF and rpl16, respectively).
Although these recent divergence times in the late Miocene and early Pliocene conveniently span the final of three proposed warm periods (5-6 mybp) in the Northern Hemisphere during the Oligocene and Miocene (Wolfe, 1978) , they are inconsistent with present fossil data. The oldest fossil Gleditsia are Oligocene in origin and are found in North America (Herendeen, Crepet, and Dilcher, 1992) , but North American Gleditsia species are not basal in any of the trees recovered by cladistic analyses (Figs. 1, 4, 5) . The phylogenetic results instead support three main lineages within the genus, only one of which includes both Asian and North American species. Our results thus imply that the most basal divergence within the genus probably involved only Asian species. In support of this hypothesis, the legume fossils from China include two distinct Gleditsia species from Miocene sediments of eastern China, G. parajaponica Guo & Zhou and G. miosinensis Hu & Chaney (Guo and Zhou, 1992) . The names of these fossil species reflect their similarities to the extant G. japonica and G. sinensis, both of which are prominent members of the two most strongly supported clades within the genus (Fig. 5) . Moreover, fossil Gleditsia is known from Miocene deposits in Japan (Tanai, 1972) , and a fossil species, G. allemanica Heer, which shows close affinities to G. caspica, is found in Miocene deposits of Georgia, Armenia, and the northern Caucasus (Shakryl, 1992) . The G. japonica lineage thus had been in existence long enough in the Miocene to become distributed from Japan to the northern Caucasus. The fossil record from Asia and North America, therefore, disagrees with our estimates of intercontinental divergence times and indicates instead that Gleditsia was probably widespread in both Asia and North America throughout the Miocene.
Either of two hypotheses could begin to resolve the conflict between the fossil and molecular data. First, the earliest North American lineages of Gleditsia from the Oligocene may have become extinct, with the genus reestablishing itself in North America at a later point in the Tertiary, perhaps as recently as 4-5 mybp, as suggested by the molecular divergence data. Gleditsia is known from several Miocene deposits in North America (e.g., McCartan et al., 1990) , but as for nearly all taxa, its fossil record is far from complete. Second, the rate of sequence evolution in Gleditsia may be significantly slower than in Gymnocladus, which would result in underestimates of divergence times. Significant differences in substitution rates among angiosperm taxa are well documented for chloroplast genes (e.g., Bousquet et al., 1992; Gaut et al., 1992; Barraclough, Harvey, and Nee, 1996) , although we note that the two genera under consideration share most of the life-history traits that are thought to influence substitution rates. Testing this hypothesis would require a more complete fossil record, especially for the Oligocene in China and the Miocene and Pliocene in North America.
Origin of G. amorphoides in South America-One of the most puzzling biogeographic questions in Gleditsia is the presence of a single South American species, G. amorphoides, in Paraguay, Uraguay, southernmost Brazil, and northern Argentina. Raven and Polhill (1981) , who viewed this phenomenon as a disjunction between North and South America, noted that such disjunctions involving woody genera are rare and their origins are poorly understood. Gordon (1966) , however, hinted that G. amorphoides may be closely related either to G. microphylla (based on presence of persistent sepaloid bracts subtending the flowers) or to G. rolfei (based on leaf characters). Our data support this latter hypothesis in that G. amorphoides falls sister to G. sinensis and G. rolfei, which show little divergence from one another. The presence of G. amorphoides in South America therefore appears to represent a temperate South American-Asian disjunction, which is considered to be even rarer than those between North and South America (Thorne, 1972) .
Three possible hypotheses could explain the origin of an eastern Asian-eastern South American disjunction within the genus. First, Raven and Polhill (1981) proposed that Gleditsia reached South America by way of Africa in the early Tertiary. Thus, if Gleditsia arose in Asia, it may have dispersed to Africa (where there are neither extant nor fossil Gleditsia species) and subsequently to South America. This hypothesis, however, rests on the assumption that Gleditsia is a very old genus (evolving in the early Tertiary) and possibly is among the most basal lineages within the entire family (Polhill, Raven, and Stirton, 1981) . Contradicting this proposal are (1) recent cladistic analyses that place Gleditsia and Gymnocladus among the more recently diverged lineages of the Caesalpinioideae (Tucker and Douglas, 1994; Chappill, 1995; Doyle et al., 1997) ; (2) reevaluations of the fossil evidence, which indicate that Gleditsia and Gymnocladus may have arisen as late as 35 mybp in the Oligocene (Herendeen, Crepet, and Dilcher, 1992) ; and (3) low sequence divergence between G. amorphoides and all Asian species, which suggests a much more recent divergence, possibly in the upper Miocene. Second, G. amorphoides may have originated from a North American ancestor that in turn was closely related to the Asian lineage from which G. sinensis and G. rolfei arose. Al-[Vol. 85 AMERICAN JOURNAL OF BOTANY though this scenario would allow for a more recent divergence consistent with both fossil and molecular data, it suffers from an incomplete fossil record for the Miocene and Pliocene of North and South America and from the lack of a close relationship between G. amorphoides and the extant North American species. Third, this disjunction may have arisen through long-distance dispersal across the Pacific Ocean from Asia to South America. The fruits of G. rolfei and G. sinensis have no obvious adaptations for water dispersal, and the viability of Gleditsia seeds after long exposure to seawater is not known, but the presence of G. rolfei on the Chinese mainland as well as on the islands of the Philippines and Celebes perhaps implicates water as a repeatedly successful means of long-distance dispersal within this lineage. Moreover, if the substitution rates we are using to calculate divergence times are close to actual rates, then the divergence time between these highly disjunct lineages is estimated to be 5.6-7.8 mybp. Because at that time, the continents were approximately in their present positions, a scenario of long-distance dispersal would fit the present data.
Relationships within the G. japonica group-Considerable controversy has arisen over the classification of G. japonica and its close relatives in Asia. Gordon (1966) recognized three separate species (G. japonica, G. delavayi, and G. caspica) and considered G. japonica to comprise two subspecies, G. japonica ssp. japonica and G. japonica ssp. stenocarpa, where the latter subspecies is confined to the Korean Peninsula and the former inhabits China, Korea, and Japan. Li (1982) subsequently reclassified G. delavayi as one of three Chinese subspecies of G. japonica (G. japonica ssp. japonica, G. japonica ssp. velutina, and G. japonica ssp. delavayi). Paclt (1982a Paclt ( , 1984 also reduced G. caspica to a fourth subspecies of G. japonica. In doing so, Paclt (1982a) argued that (1) the original range of G. japonica probably stretched from Japan and Korea to Transcaucasia and possibly Himalaya; (2) G. caspica represents a remnant of that once broader distribution, which has contracted markedly as a result both of several Pleistocene glaciations and of agricultural activities in China; and (3) the natural postglacial range of G. japonica var. japonica was restricted to Korea and Japan with subsequent reintroduction to China by humans.
Although our sampling of this diverse group was admittedly limited, our results generally agree with Paclt's hypotheses (Fig. 5) . First, all accessions within the group form a single, well-supported clade, but weaker resolution was possible among the six accessions within that clade for which we have both ndhF and rpl16 data. Second, G. caspica, which according to Paclt's scenario would have been isolated from G. japonica for much of the Pleistocene and which is now found only in a small area near the southern and southwestern edges of the Caspian Sea, was the most divergent taxon within the group, differing by 5-8 substitutions and indels from the other species. Third, the ndhF data distinguish a Chinese clade and a Korean/Japanese clade among the four G. japonica accessions (Fig. 1) , as would be expected if Korea and Japan served as glacial refugia one or more times during the Pleistocene. More extensive sampling of this group needs to be conducted to obtain a clearer picture of its evolutionary history.
Relationship between G. triacanthos and G. aquatica-It has been suggested that G. triacanthos is sister to G. japonica (Isely, 1975) , or that it forms a sister relationship with the clade composed of G. japonica, G. caspica, and G. delavayi (Gordon, 1966) . In contrast, although our phylogenetic analyses place G. triacanthos and the G. japonica group within one of three major clades in the genus, G. triacanthos appears to have its closest relationship with the only other North American species, G. aquatica. Thus, this result also conflicts with the hypothesis that G. microphylla and G. aquatica form a second Asian-North American species pair (Gordon, 1966) .
Either of two independent, although not mutually exclusive, hypotheses could explain the relationship between G. triacanthos and G. aquatica suggested by the rpl16 data. The first explanation assumes that the cpDNA data are recovering the correct relationship between these two species in that G. triacanthos and G. aquatica are sister to the Asian G. japonica. If this is the case, the identity of the two North American species at ndhF and the low sequence divergence (0.1%) at rpl16 would indicate a recent separation from a common ancestor, and the paraphyly suggested by the rpl16 data (with only one species-specific indel between G. triacanthos and G. aquatica) would then be ascribed to incomplete lineage sorting following that separation. More specifically, given that (1) G. aquatica is the only species within the genus to have adapted to permanently flooded habitats such as swamps and sloughs, and (2) G. triacanthos more closely resembles G. japonica morphologically than does G. aquatica (Gordon, 1966; Isely, 1975) , it seems reasonable under this scenario to assume that G. aquatica evolved from an ancestor closely resembling G. triacanthos. Although the range of G. triacanthos has greatly expanded since the time of European settlement, it was originally reported mainly as a member of streamside and bottomland forest communities (Blair, 1989) , and Gordon (1966) reported that ''this species attains its greatest size along the Wabash River Valley in southern Indiana and Illinois.'' Moreover, small-scale experiments by Heiser (1985) suggest that G. triacanthos seedlings have shortterm tolerance to flooding or at least to fully saturated soils. An evolutionary shift to tolerance of permanent flooding, therefore, might not have required large genetic changes and may have happened relatively rapidly.
If such an adaptive shift did take place, it was accompanied by rapid evolution in fruit morphology. The elongate fruits of G. triacanthos resemble those of most species within the genus in having many seeds (Ͼ10 seeds), a thick, tough wall, and a sugary pulp, whereas the fruits of G. aquatica are 1-2 seeded and dry with thinner, papery walls. Much of the evolution in fruit morphology in G. aquatica has been assumed to result from adaptation for water dispersal (Gordon, 1966) , suggesting a selective regime for the evolution of novel fruit traits. Heiser (1985) reported, however, that the fruits of both species can remain afloat for up to 2 wk.
A second explanation for the close relationship between G. triacanthos and G. aquatica assumes that the SCHNABEL AND WENDEL-BIOGEOGRAPHY OF GLEDITSIA two species are in fact more distantly related, as suggested by Gordon (1966) and that the cpDNA data do not recover the correct relationship due to interspecific hybridization followed by introgression of cytoplasmic genes from one species into the other. Such asymmetric introgression is well documented in plants and is often the source of phylogenetic incongruence between data sets (Rieseberg, Whitton, and Linder, 1996; Wendel and Doyle, 1998) . Several authors have suggested the sporadic occurrence of natural hybrids between G. triacanthos and G. aquatica (Sargent, 1922; Gordon, 1966; Isely, 1975; Heiser, 1985) . Formal designation of these putative hybrids as G. ϫ texana Sarg. emphasizes the location of the original description in southeastern Texas (Sargent, 1922) , but Gordon (1966) noted that rare hybrids have also been identified in Arkansas, Mississippi, Louisiana, and southern Indiana, which are areas where the native ranges of the two species overlap (Vines, 1960; Isely, 1975; Blair, 1989) . Both Gordon (1966) and Isely (1975) state that G. ϫ texana is intermediate between G. triacanthos and G. aquatica for many morphological characters, which suggests that G. ϫ texana populations consist mostly of first-generation hybrids and that backcrossing and introgression of genes in either direction are rare. Heiser (1985) alone hypothesizes that introgression of genes from G. aquatica may partially account for the great morphological diversity seen across the range of G. triacanthos.
Of these two major scenarios, recent divergence with subsequent incomplete lineage sorting appears to be the simplest explanation of all current morphological, molecular, and ecological data. Because we sampled both species within the area of range overlap (southern Illinois and Arkansas), as well as in areas where only one or the other species is found (Iowa, South Carolina coastal plain, Georgia piedmont), the alternative hybridization scenario would imply either much more extensive hybridization than suggested by previous morphological identification of hybrids or rapid spread of cytoplasmic genes of one species across the entire range of the other despite the rarity of hybridization events to initiate this spread. Moreover, if G. aquatica is truly sister to G. microphylla, hybridization between G. aquatica and G. triacanthos would imply successful mating between two of the most genetically distant lineages within the genus (Fig. 5) . We know of no crossing experiments that have tested the viability of hybrids between G. microphylla and either G. aquatica or G. triacanthos.
We therefore propose that only one eastern Asian-eastern North American disjunction exists within Gleditsia and that the morphological similarities suggested by Gordon (1966) to be indicative of a close relationship between G. aquatica and G. microphylla (small, few-seeded pods that lack pulp) instead imply convergent evolution under very different selective regimes. Verification of this proposal, as well as the other biogeographic conclusions reached here, will emerge from additional studies employing appropriate nuclear genetic markers.
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